Separators and electrolytes provide electronic blockage and ion permeability between the electrodes in electrochemical cells. Nowadays, their performance and cost is often even more crucial to the commercial use of common and future electrochemical cells than the chosen electrode materials. Hence, at the present, many efforts are directed towards finding safe and reliable solid electrolytes or liquid electrolyte/separator combinations. With this comprehensive review, the reader is provided with recent approaches on this field and the fundamental knowledge that can be helpful to understand and push forward the developments of new electrolytes for rechargeable batteries. After presenting different types of separators as well as the main hurdles that are associated with them, this work focuses on promising material classes and concepts for next-generation batteries. First, chemical and crystallographic concepts and models for the description and improvement of the ionic conductivity of bulk and composite solid electrolytes are outlined. To demonstrate recent perspectives, research highlights have been included in this work: magnesium borohydride-based complexes for solid-state Mg batteries as well as all-in-one rechargeable SrTiO 3 single-crystal energy storage. Furthermore, ionic liquids pose a promising safe alternative for future battery cells. An overview on their basic principles and use is given, demonstrating their applicability for Li-ion systems as well as for so-called post-Li chemistries, such as Mg-and Al-ion batteries.
Introduction
While the electrodes are the electrochemical active materials that determine the overall reachable energy density and efficiency, the choice of the separator and the electrolyte is not less important. In fact, they mainly influence cycle stability and safety. For instance, rechargeable Li cells commonly utilize polymeric separators whose pores are filled with liquid flammable electrolyte, since it is cheap and guarantees high power densities. However, problems arise from different failure mechanisms during cell operation, which can affect the integrity and functionality of these separators. In the case of excessive heating or mechanical damage, polymeric separators can become an incalculable security risk [1] . In the recent past, this impaired the reputation of companies as Tesla [2] and caused losses of billions of euros for Samsung [3] . In order to minimize these risks, the so-called composite separators have been suggested that, however, still struggle with problems due to the organic electrolyte. A higher temperature stability and reliable battery operation can be achieved with full ceramic electrolytes. Such solid electrolytes have been commercially mainly used for high-temperature operation systems up to now, due to generally low ion conductivities at room temperature. The scientific progress in the Tina Nestler is the corresponding author. © 2018 Walter de Gruyter GmbH, Berlin/Boston. last years and the demand on higher safety, cycleability and volumetric energy density pushes the release of allsolid-state Li cells. Starting with a short topical overview of available separator materials and technologies by summarizing the authors previous review on this topic [1] , different solid electrolyte classes and approaches to improve their performance are illuminated here. Furthermore, ionic liquids (ILs) offer high safety and improved cell performance and are thus discussed here as alternative for conventional electrolytes in Li-ion batteries, as well as enabler for post-lithium systems.
Fundamentals and categorization
The oldest known separator materials originate from the first experiments by A. Volta at the end of the eighteenth century. Volta demonstrated the generation of electricity from his voltaic pile using a cloth as separator, which was soaked in a sodium chloride solution [4] . Later, a variety of other separator materials became known, manufactured from cedar shingles and sausage casings, cellulosic papers, wood, cellophane, nonwoven fabrics, foams or microporous polymeric membranes [5] [6] [7] [8] . The development of dedicated separators in the second half of the twentieth century was particularly driven by the emerging chemical industry [8] . A detailed overview of separator materials and technologies for batteries is given by Arora et al. [7] and Daniel and Besenhard [8] . A review, dedicated to the technology of Li-ion batteries only, has been published by Huang [9] .
The term separator emphasizes its functionality to spatially isolate the anode from the cathode. Its function is to prevent electric contact of the electrodes, which would cause self-discharge, but simultaneously allows ion flow as basis for energy delivery. The ion flow can be conducted by the separator itself or by liquid electrolytes that fill the pores of a separator membrane. Thus, in this regard, separators can be categorized as ion conductive (solid electrolytes) or ion permeable (previous membranes) ( Figure 1 ). This presented subdivision is based on characteristics such as physical properties, crystallographic features, morphology and composition and has been already published in Ref. [1] . Other separator categorizations can be found elsewhere [7] .
Prominent examples of the first category in Figure 1 are industrially produced microporous films made from polymers as polypropylene (PP), polyethylene (PE) or polytetrafluoroethylene (PTFE), naturally abundant materials (e.g. cellulose [10] or rubber [7] ), as well as nonwovens. Nonwovens are defined as sheets, webs or matts manufactured from fibres that are bonded by adhesion, cohesion, chemical bonds, friction or heat treatment. However, paper and woven, sewn or tufted products are excluded [7] . Commercially used nonwovens have been made of PE, PTFE, polyethylene terephthalate (PET) or polyvinylidene difluoride (PVDF), mainly produced by a wet-laid process [9] . In commercial batteries, separators made from microporous polymeric films dominate [11] , which are filled with Li salts in organic solvents. As these materials and production methods are well known [7] , in the following paragraphs, the focus will be on the emerging technologies and compounds in the field of solid electrolytes and ILs instead. In a more detailed view, separators should fulfil a set of specifications. On the one hand, they should preferably enable good ion conductivity to ensure high energy and power densities. For example, the ion conductivity of polymer membranes, based on poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) co-polymer hosts, filled with liquid electrolyte is 3.5 ⋅ 10 −3 S/cm for Li-ion battery systems at room temperature [12] . On the other hand, separators should exhibit an insignificant electronic conductivity to prevent self-discharge. For instance, a typical value of the PVDF electronic conductivity is 10 −13 S/cm [13] . For the common case of ion permeable separators, the ion conductivity greatly depends on the porosity of the separator material and the soaked in electrolyte, respectively [12] . Furthermore, the ability of efficient wetting with the liquid electrolyte is crucial. Additional conditions have to be met in order to ensure a reliable and safe cell operation, which apply to every type of separator:
-chemically inert towards the electrolyte and the electrodes (resistance to oxidation/reduction), -sufficient puncture and tensile strength, -bendability, -structural integrity over the operating temperature range of the electrochemical cell, -prevention of thermal runaways in the case of a short-circuited battery.
The term thermal runaway denotes the situation, when an increased temperature leads to the release of thermal energy, which in turn, accelerates the underlying process. For instance, production failures can lead to tiny short circuits in battery cells. These spots will experience extremely high current densities that can lead to the destruction (melting) of the surrounding separator material and thus even higher current flows. This positive feedback mechanism may eventually result in temperatures that are sufficient to inflame organic electrolytes and cause explosions of sealed batteries.
From the production point of view, the most important properties are mechanical stability and simultaneous bendability, which are needed to let separators withstand the cell assembly process, as well as the volume changes of up to 300 % in case of operating Li-ion batteries [14] . In order to increase the power and energy density of batteries, the thickness of the separator is reduced to a minimum, which can compromise mechanical stability and structural integrity. Different failure mechanisms, as the growth of metallic dendrites or chemical attack and oxidation, may lead to the perforation of the separator and finally a short circuit and potentially thermal runaway [15] .
Depending on the particular storage chemistry and technology, separators are exposed to different stress levels affecting the separator properties and thus cell performance. First of all, changes in environmental conditions can be mentioned, e.g. variations in temperature of up to 100 °C, as is typical for the operation of lead-acid batteries in automobiles. Li-ion cells can reach temperatures of up to 65 °C [16] during discharge, whereas in the case of a short circuit a temperature increase of even more than a 100 °C within a few seconds may occur [17] . For the operation of sodium-sulfur batteries or high-temperature solid oxide fuel cells, temperatures of around 300 °C [18] and T > 500 °C [19] , respectively, are necessary for normal operation, so that high-temperature stability of the separator is required.
With regard to reports about burning electric vehicles [2] and smart-phones [3], the safety of battery systems has turned into focus even more. One strategy to improve fire safety is to utilize high melting temperature polymers, such as polyamide and polyimide, or the combination of different polymers [9] . The latter could prevent thermal runaways by improving the shutdown ability of the separator while simultaneously sustaining mechanical integrity [9] : If the battery overheats during operation, the polymer with the lower melting point softens and closes the pores of the polymer membrane, thus shutting down the ion conduction and thus battery operation. Simultaneously, the polymer with the higher melting point ensures stability and suppresses short circuits. However, the shutdown is often incomplete and does not block all conductivity. Thus, the cell temperature may continue to rise, which further degrades the stability of the separator. An option to minimize the risk of thermal damage of polymer-based separators is the blending or coating with ceramic particles as Al 2 O 3 , SiO 2 and ZrO 2 [11, 15, 20] . These materials are termed as composite separators or ceramic enhanced separators [9] . Reported advantageous properties are short circuit prevention up to 220 °C [21] and negligible shrinkage at high temperatures [15] , excellent wettability and comparable high thermal conductivity. The latter promotes fast heat dissipation, preventing damage of the electrodes [9, 15, 22] . Additionally, a higher overcharge abuse tolerance was observed.
Even though the risk of a thermal damage is significantly reduced by composite ceramic separators, a hightemperature use is still limited by the melting point of the organic matrix and degradation mechanism connected to the liquid electrolyte. Solid ion conductive separators, in contrast, eliminate the risk of thermal runaways, are less prone to side reactions with other battery components and also allow for high-voltage electrodes. Thus, they have become attractive for the next generation of Li cells [23, 24] . These materials can be subdivided into polymer, ceramic and glass solid electrolytes and will be thoroughly discussed here.
In summary, a thorough selection of separator materials and their careful processing during fabrication and cell assembly play a key role in the operation of electrochemical storage devices. The ideal separator has to be selected with regard to the electrolyte and electrode requirements and the field of application. There will often be a trade-off between high power/energy density and a long and safe service life with constantly high coulomb efficiencies.
Solid electrolytes
Solid electrolytes are materials with fast ionic transport of one ionic species, while there is no or no significant electronic conductivity. 1 Fast ionic conductivity at ambient temperatures in solids was found for the first time in α-AgI [25] at the beginning of the last century. As has been already stated in Ref. [1] , today, there is a broad variety of single-crystalline, polycrystalline and amorphous materials to choose from, which most commonly belong to the group of oxides (e.g. β-Al 2 O 3 [18, 26] ), sulfides (e.g. Li 10 GeP 2 S 12 [27] ) and phosphates (e.g. LiZr 2 P 3 O 12 [28] [55] are controversial [56, 57] and not unequivocally proven, which will be briefly discussed below. Solid electrolytes are of prime importance for batteries, fuel cells and sensors. The recent advent of solid electrolytes, however, can only be explained with regard to the challenges faced by current Li and emerging post-Li systems. Currently, small mobile consumer electronics, hybrid and electric cars and even some stationary batteries for the storage of renewable energies employ Li-ion batteries that utilize liquid electrolytes with flammable organic solvents. Within the last years, this caused occasionally fire or even explosion, damaging the reputation and profit of well-known companies [2, 3] . The safety of solid electrolytes is expected to be guaranteed, since they are mostly non-flammable. The even more important driver for the research on solid electrolytes is the demand on batteries with higher energy densities and longer lifetime for the development of mobile devices and especially the spread of electric vehicles. As already mentioned, solid electrolytes are much less vulnerable to cause side reactions as conventionally used carbonate-based electrolytes permit only negligible self-discharge, and cannot leak, boil, freeze or ignite. All-solid-state batteries hold a promise to increase both the cycle life due to their stability [58] [59] [60] and also the energy density because of generally higher electrochemical windows. Both aspects allow a more flexible choice of electrodes with higher voltages or capacity, as pure Li anodes [28] and polyanion cathodes [61] . Furthermore, metal-air batteries [37, 62] , which are becoming especially important for EVs, could benefit from solid electrolytes, as they would prevent the reaction between the metal anode and the electrolyte or unwanted side products [62, 63] . Another advantage from a technical point of view is that there is no need for the time-consuming, electrolyte-filling step during battery assembly [64] . Additionally, simplified battery structures can be designed: In the case of cell stacks, all batteries can be mounted in one container, instead of connecting individual containers as necessary for the use of liquid electrolytes [37] .
On the other hand, the rigid nature of ceramics poses problems to cell winding and assembly. It also leads to stress during charge and discharge due to the associated volume change of the electrodes, which can result in cracking of the separator and in delamination of the sintered electrode layers. It should be noted that this issue is less relevant for intercalation electrodes, as they do not cause large volume changes [37] . Moreover, extremely thin solid electrolyte separators (< 0.5 μm) can become flexible enough for winding. Further disadvantages of ceramic separators are the reduced electrode/electrolyte contact area and the overall lower ion conductivity at room temperature in comparison to liquid electrolytes. However, e.g. in the case of Li ions, a ceramic material (Li 10 GeP 2 S 12 ) with a conductivity comparable to conventional organic electrolytes (10 −2 S/cm) has been found [27] . Moreover, a strategy to avoid the high-resistance problem of the electrode/solid electrolyte interface (SEI) and to simultaneously keep the high-temperature stability is to use an IL as wetting agent, which has been already demonstrated by Kim et al. [65] .
Plenty of Li-conducting materials have been investigated so far, and there has been a significant progress recently. Several companies promote the application of solid electrolytes in the next generation of Li batteries in electronic devices, including Cymbet, Front Edge Technology, Infinite Power Solutions, Sakti3, SEEO, Toyota, Planar Energy, SolidEnergy Systems, Quantum Scape, etc. Nevertheless, only a few compounds meet the required properties for commercialization simultaneously: sufficient room temperature conductivity, lowresistance grain boundaries and chemical inertness towards the electrodes, low production cost and environmental impact [66] . While for microbatteries they have been already commercialized, all-solid-state batteries for portable devices or automotive applications are still in R&D or pilot state. In the following sections, we point out the most important principles of crystallographic material design for solid electrolytes to hint on potential research directions to overcome current hurdles.
Ionic conduction in solids: Fundamentals and crystallographic requirements
Fast ion transport requires high concentrations of defects (intrinsic or extrinsic), as the ions need empty spots to jump into. The motion of ions in solids can occur via interstitial sites, vacancies or along grain boundaries. The transport of point defects can be described as random walk, giving a tracer or self-diffusion coefficient of the ions (e.g. in [67] 
where r is the jump distance between occupied and vacant site, Γ is the frequency of ion hopping between two sites and d is the dimensionality of ion conduction (1, 2 or 3). Additionally, a correlation factor f (1⩽f > 0) is needed, as the direction of successive jumps is not perfectly random. This fact can be easily understood by imaging a tracer ion that just jumped into a vacancy: the chance of the reverse jump is much higher than into the partially occupied other neighbouring sites. Thus, f needs to take into account the topology of the path, the mechanism and also the defect density [68, 69] . Furthermore, in crystals, the diffusion can be imagined as thermally activated Brownian motion of ions across a periodic landscape of potential barriers. Generally, the ion conductivity increases with higher temperatures. On the one hand, the concentration of charge carriers may be enhanced due to the additional thermal energy that might be needed for defect creation in the first place. On the other hand, the ions possess more energy to overcome the activation barrier mig for ion hopping inside the migration channel. Both the hopping frequency Γ and the concentration of charge carriers c thus follow Arrhenius law [70, 71] :
with B being the Boltzmann constant, T the absolute temperature, p the number of potential jumping paths, 0 the charge carrier concentration at infinite temperature and f the defect/charge carrier formation energy. The hopping attempt frequency ν can be estimated by the Debye frequency. Finally, these considerations connect to the measured ion conductivity σ within an electric field via the Nernst-Einstein/Einstein-Smoluchowski relation
where Q is the electric charge of the conduction ion and is the Haven ratio, which is close to 1 [69] . This factor is needed to include the deviation of * describing an undirected diffusion to the rather concerted walk: When an electric field is applied, the ions perform successive jumps, since they cannot only jump in the nearest vacant site, but also in (formerly) occupied sites. By finally combining Eqs. 1-4, it can be shown that the conductivity σ follows the temperature behaviour
with 0 combining the described constants and a = mig + f . Thus, by measuring the temperaturedependent conductivity and plotting logσ versus 1/T, one can determine the activation energy for ion conduction a , which is in the range of 0.25 eV to 1 eV for sodium conductors [18] . Such plots are shown for several solid Li conductors and organic liquid electrolytes in Figure 2 . [27] ). Li 10 GeP 2 S 12 shows an ion conductivity that is comparable to those of the liquid electrolytes at room temperature and higher at lower temperatures, which is important for the application in electric cars. Reprinted by permission from Macmillan Publishers Ltd: Nature materials [27] , copyright 2011.
In the following paragraphs, chemical and crystallographic conditions that facilitate or enhance ionic conductivity in solid materials in general are discussed. Main parts of this discussion have been already published by the authors in [57] . To improve ion conductivity, two types of doping have been applied to solid electrolytes: homogeneous and heterogeneous doping. For the broadly used homogeneous doping, small amounts of foreign atoms are dissolved in the compound and substitute intrinsic ions. In this way, aliovalent ions can be incorporated in the ion conductor. Depending on the charge difference between the doped and replaced ion, interstitials or vacancies are formed to maintain electroneutrality. Tailored homogeneous doping can lead to higher conductivity, since either vacancies or mobile charge carriers needed for ion migration are created or a is lowered [45, [72] [73] [74] [75] . For cation conductors, doping the cation sublattice, either with immobile (see i.e. in [74] ) or mobile ions [72, 73, 75] , can be used to engineer the site energies and thus hopping barriers. An instructive example for the latter case is the garnet-type Li conductor Li 3+x La 3 M 2 O 12 (M = Te, Nb, Zr) [73] : Ab initio calculations reveal that the activation energy sensitively depends on the amount of Li, as the occupancy of the Li(1) and Li(2) site depends on the overall Li concentration. These occupancies, in turn, determine which ion migration routes are dominant. Higher Li occupancies favour a migration path with lower activation energy ( Figure  3 ), which is consistent with experimental findings [73] . Furthermore, doping of the counterion sublattice can be utilized as well. For example, the number of point defects that participate in ionic motion in the fluoride-ion conductor BaF 2 is increased, when it is doped with trivalent cations [45] . The second approach, heterogeneous doping, is typically realized by creating interfaces to other electrolytes or insulators or even to the same compound. In most cases, grain boundaries in polycrystalline materials increase the resistance. However, if the interfaces provide appropriate defects or even better paths for ion hopping due to favourable ion redistribution in the space charge region, the conductivity can be enhanced in comparison to the bulk material (e.g. [30, 45, [76] [77] [78] [79] [80] ). For instance, this is the case for the grain boundaries in the already mentioned F -conductor BaF 2 [45] . As an example for a two-phase system, AgCl-Al 2 O 3 shows increased Ag + conductivity in comparison to bulk AgCl, due to an increased amount of cation defects at the interface [30] . For an overview on this topic and comprehensive discussion, the reader is referred to Ref. [77] . More recent studies illuminate the role of lattice-mismatch strain [78] as well as dislocations [80] for increased oxygen ion conductivity.
For solid electrolytes for Li and other monovalent and divalent ions, numerous works and reviews have been published discussing favourable crystal structure motifs for ion migration and how doping is used to improve the ion diffusivity in inorganic solids (e.g. [75, 76, [81] [82] [83] [84] [85] [86] [87] [88] ). From all these studies as well as heuristic considerations, several factors can be extracted that provide high ion mobility in solids:
1. High symmetry, low occupancy: Vacant sites in close vicinity to each other with no or only small differences of site energies are required, in order not to form high barriers in between. Ideally, they would form a stable 3D network of tunnels, not only to provide ion conductivity in every direction, but also since 1D conductivity can be easily blocked by defects. Such features are commonly found in structures with highly symmetrical space groups and low occupancies of the atomic sites (with high multiplicity) of the mobile species.
2. Right-sized tunnels: The voids that surround the vacant sites and the bottlenecks of the connecting tunnels should be of a suitable (sufficient but also not too large) spatial dimension for the considered migrating ion.
That means the formed channel should be smooth without too tight or wide sections and severe coordination changes.
Mobile-ion ratio:
There should be a balanced ratio of the number of mobile ions and connected vacant sites, which can be optimized e.g. by aliovalent doping.
High-valent framework cations:
To reduce the energy barrier of the channel that connects the vacant sites, the migration path should be accompanied by preferably screened counterions in the first coordination sphere. Such a screening of attractive interactions can be favoured by ions in the lattice with a higher samesign charge as the considered mobile ion. They may form strong competitive bonds.
Polarizable anions
The counterions should be polarizable to further reduce electrostatic interaction with the mobile ions.
As stated in the first point, the sites in the migration channel need to possess similar energies. For instance, fast (/superionic) Li conductors were found to show paths that straightly connect two tetrahedral sites instead of crossing an energetically higher octahedral site [75] . Structures with this feature were found to possess body-centred, cubic like anion frameworks ( Figure 4) . It was also shown that a higher volume of these anion sublattices, resulting in a higher Li-anion distance, would favour low barriers [75] , as coinciding with criteria 2. Hints for the structural design can be also found by looking at insertion materials: Rong et al. [87] discovered for intercalation electrodes that the hopping barrier tends to be lower if the inserted ions occupy sites that do not show their preferred coordination. This means, in the case of Li, octahedral instead of tetrahedral sites. By this way, they already possess a high site energy, which potentially lowers the energetic difference toward the bottleneck they have to pass during diffusion. This is also in good agreement with the example given earlier concerning garnet-type Li conductors [73] (Figure 3 ). In general, a minimal change of coordination between the stable and intermediate sites appears to be advantageous for high-valent ions [87] . This is why structures with close-packed anion sublattices such as spinels or olivines might be penalized [87] , as the change in the local environment during ionic motion is more drastic than for other anionic packings. Even though the second criteria (spatial fit of migration channel and mobile ion) might appear logical, for decades it was generally accepted that the mobile ions need to be small to show good conductivity [81] and the wider the opening of the migration channels the better. From this point of view, Al 3+ with an effective ion radius of 39 pm in comparison to 59 pm for Li + (both at the coordination number four [89] ) would seem to easily migrate through the channels in crystal structures. Many authors indeed argued this property would facilitate finding intercalation compounds (e.g. [90] ). However, small size does not guarantee best ion conductivity: Among monovalent ions in β-alumina, it is not Li + , but the medium-sized Na + and Ag + ions that display the lowest activation barriers ( Figure 5 ). In fact, the small size and thus high charge density of Al 3+ is expected to cause trapping in the lattice and at defects due to low polarizability. Indeed, finding materials was revealed to be a tough task, with only one unequivocally identified reversible intercalation material so far [91] . In general, a high charge will lead to stronger Coulomb interactions and therefore comparably higher activation energies. Apart from these considerations, how to find a suitable environment for the considered mobile species? Unfortunately, the suitable spatial dimension cannot be simply estimated from the ionic size. [87] . Rong et al. ascribe this to different preferences of the ions for octahedral or tetrahedral sites, which results in opposed preferred topologies of the pathway as described above. The preferred ionic surroundings can be taken into account by bond valence (BV) analysis, as outlined in [92] or [57] . It utilizes the experimental finding that the ideal bond length can be described as depending on the ion-counterion pair and coordination number, applying data-mined constants from the topological analysis of thousands of crystal structures. It can be used to find and evaluate potential migration channels, similarly to the topological analysis by Voronoi Dirichlet partitioning [92] .
Figure 5:
The activation energies a for the diffusion of different monovalent ions in β-alumina [31] versus the effective ionic radii of the respective mobile ions in octahedral coordination CN=6 [89] . The dashed line is meant to solely serve as guide to the eyes.
The listed criteria are also relevant to the local atomic environment of amorphous or vitreous conductors. Furthermore, they must be met by compounds for high-valent (|charge| >2) solid electrolytes as well. Especially the screening of the attractive coulomb interactions by ions in the lattice with a higher same-sign charge as the considered mobile ion should be an important prerequisite. For cation conductors, this can be achieved by incorporating W 6+ , Mo 6+ , Mn 4+ , P 5+ or Si 4+ . Furthermore, the presence of other ions with a lower net charge in the compound has to be examined critically due to their higher likelihood of migration. These comprehensible but still heuristic considerations, however, could not be conclusively proven so far. In contrast to mono-and divalent species, the rather controversial question, whether trivalent ions can be conducted in crystalline solids, has not been unambiguously clarified yet. As already mentioned, since the higher charge results in increased coulombic interactions, high-valent ions are expected to much more likely stay fixed on their crystallographic site. Nevertheless, the work groups of Farrington [54] and later on Imanaka [55] claimed to have synthesized compounds that are able to conduct trivalent or even tetravalent ions. However, it appears that there is still a lack of direct and unequivocal experimental evidence for this phenomenon. For example, measurements of 2 (BO 4 ) 3 -type compounds (X = Sc, Al, In, Lu, Yb, Tm, Er; B = Mo, W) have been interpreted as proving 3+ conduction by Imanaka et al. since 1995 [55, 93, 94] . However, the performed experiments were not suited to doubtlessly demonstrate that. Eventually, several theoretical simulations [95] [96] [97] [98] [99] [100] as well as experiments [56] employing the more reliable Tubandt method proved this wrong and showed anion, dominantly O 2− , conduction instead [56] . A comparison between the potential pathways/accessible sites for different ionic species calculated by BV and molecular dynamics is shown in Figure 6 , showing that Sc 3+ conduction is rather improbable in Sc 2 (WO 4 ) 3 [96] . Up to now, high-valent ion conduction is still under debate, given that there are only few works on this field and the direct verification is challenging. With respect to the promising applications of such materials, in aluminium-ion batteries, however, this topic is starting to get into focus [57] . To sum up, for superionic transport, there must be a multitude of energetic similar and spatially close sites, which show a low occupancy of the considered mobile ionic species and smooth pathways in between. Despite the structural aspects of the bulk material, the performance of batteries with solid electrolytes will be even more determined by the stability and ion transport properties of the electrolyte/electrode interface [101] [102] [103] [104] [105] . Therefore, the next section will focus on this aspect of solid conductors, which has been only marginally considered for a long time.
The solid electrolyte -electrode interface
As already mentioned in the introduction, introducing ceramic particles to polymer-based separators leads to a significant improvement of their properties. Such composite separators or ceramic enhanced separators effectively prevent short circuit and enable fast heat dissipation and tolerance of overcharge. Nevertheless, the presence of polymers in the composites limits the operating temperature range due to their comparatively low melting points. Other drawbacks include their often limited oxidative stability, etc. In this regard, solid electrolytes are preferable as they have high mechanical strength and excellent thermal stability and some of them have also high electrochemical and chemical stability when contacted with electrode materials, including metallic Li or Li-based anode electrode materials and high-voltage electrodes for Li batteries.
Despite their evident advantages, the application of solid electrolytes for electrochemical energy storage devices is difficult. For instance, the properties of an ideal single-crystalline separator will depend on the orientation of the crystallographic direction relative to the direction of the electric field. Real solid materials consist of randomly oriented grains with different types of faces having different specific surface properties and surface area. Therefore, one must be aware that the properties of each particular solid material are determined by the statistical average properties of the ensemble of individual grains. In first approximation, a so-called brick-wall model, it can be proposed that all grains in the material have the same surface type, shape and surface area.
Let us first consider the case of a single-phase solid-state separator in contact with the crystalline electrode (second phase) of the electrochemical device. Then several possible situations can occur (Figure 7 ): a. If the adhesion between the phases is poor, then the solid electrolyte/electrode interface comprises an ensemble of point contacts with a small total contact area diminishing over time. In this case, the exchange current is small and such electrodes cannot provide high and stable current densities, despite a high ionic conductivity of the solid electrolyte.
b. If the adhesion between the phases is strong enough, an epitaxial contact layer forms at the interface. The properties of the interface layer depend on the type of the solid electrolyte surface that is in contact with the electrode, relative orientation of the grains and the misfit between the lattice parameters of the phases.
c. When the adhesion between the phases is very strong, a chemical interaction may take place, resulting in the formation of interface phases. This situation can be observed for example for Li metal electrodes in contact with organic solvents where a so-called SEI forms [106] , which covers the surface of the Li anode and prevents it from further reaction with the organic solution. However, such interfaces may only have low ionic conductivity. In the optimal case (b), the most stable contact can be found, when no insulating layer forms between the phases. However, even in this case, both the electrolyte/electrode contact and the formed interface layer may be easily broken on cycling due to a strong volume change of the electrode material resulting from the electrochemical processes. Freshly formed cracks act as potential sources of dendrite growth on metallic anodes of batteries. An example of such behaviour is the Na-beta-alumina membrane for Na-S batteries with molten Na and liquid sodium polysulphides electrodes. These batteries suffer from dendrite formation and their penetration through the solid electrolyte membrane. Similar processes are observed in Li batteries [107] . Another problem of solid electrolytes having high ionic conductivities often is a rather high grain resistance. The reason of this effect is the existence of the surface potential, which can cause an electric double layer that is depleted of the respective charge carriers. For example, the formation of a subsurface so-called diffuse layer depleted of anionic vacancies is responsible for the high grain resistance of oxygen-ion conductivity in zirconia-based solid electrolytes [108] [109] [110] . It has been demonstrated that the surface potential in ionic compounds is determined by the adsorption energies of the dominant defects ( •• O ) and the segregation energy of the dopant ions (Y Zr ') [111, 112] . Both may be estimated by the Stern model in combination with the Gouy-Chapman and Mott-Schottky models for calculating the potential and concentration distributions in the diffuse layer.
As already mentioned, one main approach for the development of solid electrolytes is to choose a basic compound with suitable crystal structure and doping this compound with different, usually heterovalent, dopants. As a result, the conductivity may be increased at some optimal concentration of defects. However, the dopants can easily segregate at the grain boundaries leading to an increased grain resistance. At present, the question remains open how to control the dopant segregation effect in solid electrolyte ceramics. Doping in high concentrations may cause the formation of impurity phases at grain boundaries that are another reason of the degradation of solid electrolytes. In order to obtain samples with negligible contributions of grain boundaries, one should obtain dense ceramics with large grain sizes. For example, dense conducting ceramics of solid oxygen-conducting electrolytes can be obtained only after prolonged sintering at temperatures not lower than 1,400-1,500 °C. However, sintering of Li-ion conducting ceramics based on compounds with LISI-CON, perovskite or garnet-type structure is accompanied by partial evaporation of Li oxide. This causes serious problems with the control of the chemical and phase composition. Hence, the preparation of solid electrolyte with high ionic conductivity and low grain boundaries resistance represents a challenging task.
Alternative materials for separators in batteries are composite solid electrolytes. As opposed to superionic solid electrolytes, in composite solid electrolytes heterogeneous additives produce many interfaces, which enable enhanced conductivity of all non-superionic ionic compounds. A schematic representation of superionic ceramic materials, polycrystalline salts and composite solid electrolytes is presented in Figure 8 .
The increased ionic conductivity can be explained by the space charge model proposed by Wagner and Maier [113, 114] . Accordingly, chemical adsorption of ions occurs at the surface of the heterogeneous component, leading to the formation of a dense adsorption layer at the interface and a diffuse layer of vacancies near the interface. This process can be described by the Stern model. Consequently, the conductivity of composites increases as the size of dopant particles decreases. Hence, composites with nanosized grains (about 10 nm) are of particular interest for practical applications. Adding such oxides to the ionic component may produce a nanocomposite with properties that strongly depend on the character of the interface interaction between the phases. For composites with coarse-grained additives, the presence of interfaces has no appreciable effect on the bulk structural or thermodynamic properties of the ionic salt. In nanocomposites, the salt may transform to a thermodynamically metastable (usually amorphous) phase, which is stabilized by the interface interaction. The concentration and the effective thickness of this phase can be estimated from the dependence of the phase transition enthalpy on the volume fraction of the additive. At a sufficiently high concentration of the additive, the ionic salt may completely transform to a new disordered phase [115] .
Today, many composite solid electrolytes are known. Due to their high ionic conductivity, solid electrolytes of the oxide salt type attract great interest especially for the application in batteries and other electrochemical devices. The combination of high conductivity with enhanced mechanical strength, the absence of grain resistance and excellent manufacturability make these composites promising materials for commercial applications. For example, composite solid electrolytes based on LiI have been used in solid-state Li batteries for pacemakers [116] : The battery comprises a Li anode, a composite solid electrolyte LiI-Al 2 O 3 with various additives and an iodine cathode. This primary battery provides a voltage of (2-2.8) V depending on the anode material, with the specific energy of the battery being in the range of (150-250) mWh/g. These batteries are characterized by durability with a shelf life of more than 20 years without significant self-discharge and high reliability [117] . The high reliability of solid-state Li batteries is evidenced by the fact that from 1972 to 2000, the Catalyst Research Corporation has produced 150,000 batteries for pacemakers, and none of the batteries failed during these 17 years. The only drawback of such batteries is a small current density. The use of composite solid electrolytes opens ways to avoid the problem of dendrite growth as the mechanical strains in the composite and nanocomposite materials easily relax due to their effective redistribution along the composite matrix. As a result, the material is much more stable against deformation and does not crack during the electrochemical charge-discharge cycling. A significant advantage of composite solid electrolytes is the possibility to enlarge the electrochemically active electrolyte/electrode area by several orders of magnitude, leading to a strong enhancement of the working current of the device. This requires a special morphology of the composite and the solid electrolyte/electrode intermediate layer.
The morphology of the composites exerts a great influence on their electrical properties. For the description of the conductivity of the common composites of the 'conductor-insulator' type, a mixing equation was proposed [118] :
where MX is the conductivity of ionic conductor MX; A is the conductivity of the insulating heterogeneous additive A; and f is the volume fraction of the additive. In traditional mixing rules, the parameter α is taken constant: α = 1 and -1 for oriented composites consisting of parallel layers of the components when the conductivity is measured in parallel and perpendicular directions, respectively; α = 0 and 1/3 correspond to the Lichtenecker and Landau-Lifshitz equations, respectively. The analysis shows that the parameter α is determined by the composite morphology and may vary with the concentration [118] . It was assumed that α can be approximated by a linear dependence
where 1 and 2 are determined by the morphology of the composites in the diluted limit → 0 and → 1, respectively. The mixing equation may be also used for estimating the dielectric permittivity ɛ of composites
where Re( * ) and Im( * ) are the real part of the complex dielectric permittivity and imaginary part of complex conductivity, respectively; ω is the angular frequency of the alternating electric field and 0 is the dielectric constant of vacuum. The generalized mixing rule with the concentration-dependent parameter α provides a satisfactory description of the percolation-type behaviour. In particular, for the ensemble of randomly distributed isolated spherical particles of one component embedded in the matrix of another component 1 = 2/3 and 2 = -1/3. In this case, the dielectric permittivity measured at low frequencies goes through a maximum corresponding to the percolation threshold.
For composite solid electrolytes, the mixing rule may be represented in the following form:
where S and S are the total concentration (volume fraction) and the conductivity of the interfacial regions, respectively. The parameter α(f ) depends on the concentration as mentioned above. As seen from this equation, additional contribution of the surface to the overall conductivity of the composite is determined by the second term. The conductivity of the interface regions depends on the interface interaction between the components and the concentration of the interfacial regions, which is determined by the morphology of the composite. For statistically distributed grains of both components, the S value can be estimated to be [118] 
where β is the geometric factor (β = 3 for cubic particles); λ is the thickness of the interface layer and A is the particle size of the heterogeneous additive. If S > MX , one should observe a conductivity maximum for a specific volume fraction (Figure 9 ), which is dependent on the particular values of the parameters MX , α(f ), S and S . Simultaneously, a dielectric permittivity maximum is observed at the concentration corresponding to the percolation threshold. Composites with another type of morphology form when the heterogeneous component penetrates the material in a way that it spreads along the space between the grain boundaries and forms a so-called nonautonomous interface phase, which is stabilized by the interface interaction [119] . As the volume fraction of space between the grain boundaries (equal to S ) is small, all grain boundaries get filled at low concentrations of the additive. On further increase of the volume fraction, the spreading process stops and the composite behaves as an ordinary statistical mixture. An example of such systems are MeWO 4 -WO 3 composites, where Me = Ca, Sr and Ba [120] [121] [122] , in which MeWO 4 are typical dielectrics and WO 3 is a good electronic conductor without any contribution of ionic conductivity. Adding low concentrations of WO 3 ( < S ) leads to a sharp increase in the ionic conductivity by three or four orders of magnitude. As a result, composite solid electrolytes are formed out of individual components that have no appreciable ionic conductivity. At higher concentrations of WO 3 , the concentration dependence of the conductivity is typical for composites of the insulator-conductor type and the character of the conductivity changes from ionic to electronic.
Composites formed by filling porous matrixes with ionic salts have a specific morphology and can also be used as solid electrolytes. The pore size distribution and the pore volume are key morphological parameters defining the properties of the matrix. If the pore size is less then (1-3) nm and the adhesion between MX and the surface of A is sufficiently high, the ionic salt penetrates into the pores and its transport properties drastically change [115] . Hence, the part of the ionic salt located inside pores may be regarded as the surface high-conducting phase and its volume fraction is equal to S . An estimation shows that the dependence of conductivity of such composites on the volume fraction of the porous matrix has a maximum at f = max , where max is the volume fraction of the pores [119] . The mixing equation may be adopted to predict the conductivity and dielectric properties of ternary composites of the conductor-electrolyte-dielectric type [123] . In this case, the equation may be expressed in a more general form
where i and i are the conductivity and volume fraction of the ith phase; the parameters i have the same meaning as in eq. (7) and the summation is made over all the components of the N-phase composite (for a ternary system N = 3). It was shown that in ternary composites the choice of the parameters i is ambiguous and possible solutions to this problem have been proposed. In three-phase composites, three percolation thresholds may occur. Their positions, as lines on the ternary plots, may be determined by the dielectric permittivity maxima. The absolute values of permittivity in the maximum, in turn, is determined by the ratio of the conductivities of insulating and conducting phases.
Varying the concentration of the components and the morphology also opens wide possibilities for the improvement of the solid electrolyte/electrode contact. In particular, for the increase of the contact area, one may introduce an additional transient layer containing the electrode material as third phase. The conductivity of such composites can be estimated using a mixing equation for three-phase composite as well. All three phases will play a specific role. The ionic salt enables ionic transport, the additive of the electrode material phase will provide electronic transport to the interfaces and the dispersed insulating phase will serve as both the reinforcing matrix responsible for total integrity of the composite and the heterogeneous dopant generating ion-conducting interfaces. For instance, this idea was employed for the preparation of the composite electrodeelectrolyte interlayer in solid-state supercapacitors [124] .
Research highlight: Mg

2+
solid electrolytes for all-solid-state batteries
Magnesium batteries are one of the most promising candidates for post-Li-ion battery technologies [125] . Mg is a divalent ion and can consequently store two electrons per ion, which translates to a higher volumetric energy density of 3,833 mAh/cm 3 compared to 2,036 Ah/cm 3 for Li. In contrast to Li, Mg can be electroplated without forming dendrites, which can cause short circuits and battery failure [126] . Mg is also safer than Li when exposed to air and has a higher natural abundance in the earth crust, making it an excellent candidate for battery anodes. Rechargeable Mg batteries were invented in the early 2000s and have received significant attention since then [127] [128] [129] . However, big challenges remain in their development and many aspects of the underlying battery processes at the electrodes, electrolytes and their interface are still poorly understood.
The Mg 2+ ion is characterized by a very high charge density, owing to the divalent positive charge carried and the small ionic radius of only 72 pm (Figure 10 ) [89] . This hampers the mobility of Mg in the electrolyte and in the cathode host materials, due to the greater electrostatic interaction, compared with monovalent cations such as Na + and Li + . A wide range of intercalation cathode materials and the mechanisms of high-valent ion insertion and migration in those was recently reviewed and numerous studies on liquid Mg electrolytes are available [130] [131] [132] . As discussed in the previous section, solid-state batteries offer many advantages over batteries with liquid organic electrolytes. This research highlight will focus on the challenge of finding solid-state electrolyte materials with sufficiently high magnesium-ion conductivity for Mg batteries. Mg-ion conductivity in inorganic solids is rare, but was reported for double-magnesium zirconium orthophosphate, MgZr 4 (PO 4 ) 6 [133] . These polycrystalline solid Mg conductors reach conductivities higher than 10 −5 S/cm at temperatures above 400 °C, and their structure and properties were studied, especially in relation to their potential application as active materials in gas sensors [133] [134] [135] [136] [137] . However, in order for a solid-state ionic conductor to be a useful solid electrolyte for battery applications, the ionic conductivity should ideally be close to 10 −3 S/cm at the operating temperature, in order to allow for current densities and thereby charge and discharge rates comparable to those of Li-ion batteries [138] . Polymer-electrolyte systems, typically based on poly(ethylene oxide) (PEO) and Mg salts, were considered as solid-state electrolytes, but the initially investigated salts Mg(SO 3 CF 3 ) 2 or Mg(N(SO 2 CF 3 ) 2 ) 2 are known to form an insulating interphase with the Mg metal anode [139] . Reversible Mg plating/stripping was demonstrated for PEO/Mg(BH 4] ) 2 composites [140] , and D. Aurbach and coworkers realized a rechargeable solid-state Mg battery with PVDF/Mg(AlCl 2 EtBu) 2 /tetraglyme as gel electrolyte, Mo 6] S 8 cathode, and AZ-31 magnesium alloy (3 % Al and 1 % Zn) as the anode material. Chevrel phase Mo 6 S 8 can intercalate Mg reversibly at a potential of about 1.2 V and is often used as a benchmark cathode material, despite its low capacity, for the lack of other intercalation cathodes.
Magnesium borohydride Mg(BH 4 ) 2 and derived materials were successfully used in liquid electrolytes, thanks to the reductive stability of the BH 4 -anion. Furthermore, they are also attractive as solid-state Mg ion conductors [141, 142] . However, the conductivity of pristine Mg(BH 4 ) 2 in the solid state is extremely low (<10 -12 S/cm at 30 °C) which has been attributed to its structure, in which the Mg ions are located in firm tetrahedral cages composed of four BH 4 -units [143] . Higher ionic conductivity of 1·10 -6 S/cm at 150 °C and Mg plating/stripping was demonstrated for Mg(BH 4 )(NH 2 ) [144] , in which Mg 2+ is tetrahedrally coordinated by two BH 4 -and two NH 2 -groups. Building on the experience that the Mg ion conductivity can be improved by breaking the strict coordination of Mg by the BH 4 ligands, this concept was extended to complexes of Mg(BH 4 ) 2 with organic ligands [145] . Ethylenediamine (NH 2 CH 2] CH 2 NH 2 , abbreviated as en) is a bidentate amine ligand, which coordinates to the metal centre via the lone pairs on the two nitrogen atoms. When reacted in excess with Mg(BH 4 ) 2 , it forms a Mg(en)3(BH 4 ) 2 complex, in which Mg is octahedrally coordinated by three ethylenediamine ligands and BH 4-act as a counterions [146] . The material crystallizes in an orthorhombic structure and does not show high Mg conductivity. Only by reducing the number of ethylenediamine ligands per Mg atom, a mixed coordination of Mg with ethylenediamine and BH 4 is achieved, which leads to a drastically improved ionic conductivity (Figure 11 ). The synthesis can be carried out by simple mechanochemical reaction between the solid Mg salt and the liquid ethylenediamine, yielding white solids. The tetrahedral borohydride anion BH 4 -is a pseudo-halogenide, whose size (r = 205 pm) is in between that of a bromide and iodide ion (r = 196 pm and 220 pm, respectively) [147] . The structures of metal borohydrides are often akin to those of metal halides. Therefore, the ionic conductivity of ethylenediamine-Mg halide complexes was also investigated. However, in this case, the reaction of ethylenediamine with MgCl 2 or MgI 2 yields products with different structures, lower crystallinity and very low ionic conductivity. The position and num-ber of reflections in the obtained powder X-ray diffraction data for Mg(BH 4 ) 2 -1en in Figure 12 indicates a large unit cell and low symmetry of the structure. Combined with the low crystallinity of the samples, this makes structure solution from powder X-ray diffraction data extremely challenging. Typical methods for preparing single crystals for X-ray analysis, such as recrystallization from a solvent, fail in this case, since the solvent molecules coordinate to the essentially under coordinated Mg ion, and cannot be removed. Vibrational spectroscopy, i.e. FTIR and Raman, can be used to confirm the chelating coordination of ethylenediamine around Mg in a cis-conformation [145, [148] [149] [150] [151] , but does not allow drawing conclusions about the long-range order. Without knowing the crystal structure, the mechanism of the ionic conductivity in these materials is yet to be finally understood. The much higher ionic conductivity in Mg(BH 4 ) 2 -1en compared to MgCl 2 -1en and MgI 2 -1en indicates that the tetrahedral BH 4 -ion plays an important role for the cation mobility. Borane anions are known to facilitate the passage of mobile species through reorientational movements, a socalled 'paddle-wheel' mechanism [152, 153] .
To be used in solid-state batteries, an electrolyte does not only need to allow for high cation mobility, but must also be compatible with the electrode materials, that is Mg metal and the chosen cathode material. While Mg(BH 4 ) 2 -1en was used successfully as electrolyte for the electrodeposition and stripping of Mg, the oxidative stability of the material is very low and oxidative currents are observed starting at 0.7V versus Mg. With this small stability window, the material is not suitable for application in practical batteries. The stability can, however, be tuned by employing other chelating ligands and BH 4 -could be replaced with different complex anions, such as BF 4 -. In this way, a large variety of materials are available and currently being studied. This research highlight shines a spotlight on the difficulties of designing solid-state electrolytes for multi-valent ions. Solidstate Mg-ion batteries which can compete with state-of-the-art Li-ion batteries are still a long way in the future and many challenges will have to be overcome. So far, no system shows high enough ionic conductivity, but even more importantly, research must also focus on the electrochemical stability of the investigated materials and the compatibility with anode and cathode. Nonetheless, the promise that solid-state Mg batteries hold in terms of energy density, cost, safety and easy architecture will drive future research.
Research highlight: The all-in-one all-solid-state battery
In recent years, functional transition metal oxides become more and more important as components of electrochemical energy storage devices, especially due to their manifold properties [154] . Besides this intrinsic diversity, they can be significantly tuned by defects. Research topics comprise the usage of oxides in primary or secondary batteries as solid electrolytes in sodium-sulfur batteries [155] or solid oxide fuel cells [156] . Working as host structures for intercalation in Li-ion batteries [157] , they have great potential as electrodes in supercapacitors [158] as well as catalysts in metal-air batteries [159] . As a result of their chemical and thermal stability, environmental compatibility, high abundance and low costs, they are suitable for all-solid-state battery con-cepts. One opportunity to generate new concepts is the synergy of data and energy storage technologies [160, 161] , which are based on migration of sufficient mobile charged defects in an external electric field. Hence, metal-insulator-metal (MIM) stacks, in particular Ti-SrTiO 3 -Ti, undergo special charge and discharge cycles [160] . Applying an external electric field to the functional oxide is accompanied by redistribution of oxygen vacancies •• O [162, 163] , because these defects are charged twofold positive (after Kröger-Vink notation [164] ). The process is called electroformation or charge process [165] [166] [167] . In consequence of •• O redistribution and the retention of electroneutrality, the following redox couples arise, which are attributed to the respective electrode:
2+
Imbalance in the SrTiO 3 single crystal caused by defect separation enables an electromotive force which, due to its exergonic character, now drives the discharging process of the electrochemical energy storage, when the electric field is switched off. The exergonic nature of this process was demonstrated by means of density functional theory as well as laws of thermodynamics [160] . The proposed redox mechanism is the oxidation as well as reduction of the Ti cation, which can take three different oxidation states. Therefore, the transition metal oxide not only assumes the function of a solid electrolyte, but also acts as anode and cathode, which means that SrTiO 3 serves as all-in-one solid-state battery.
Up to now, a capacity of 3 mAh/kg, which remains constant in several charging/discharging cycles, has been determined [160] . Furthermore, the expected linear dependence of the capacity on the volume of the cell was confirmed [160] . Nevertheless, battery parameters have to be optimized, regarding other established electrochemical energy storage, such as metal-air batteries or Li-ion batteries. Potential research topics could be:
-usage of transition metal oxides with redox couples, exhibiting a higher difference in their redox potentials, e. g. Fe, Mn or Cr, to increase cell voltage -combination of two different transition metal oxides, establishing a bifunctional redox couple to enhance the cell voltage, which is connected to defect migration across the interphase -introduction of a higher point defect density to raise capacity -transfer of macroscopic solid-state battery mechanism to thin films to lower the charge voltage -optimization of crystal orientations, because the migration of oxygen vacancies is an anisotropic phenomenon [168] -application of higher temperatures to reduce the charging time since oxygen vacancy migration follows an Arrhenius behaviour [168] 4 Ionic liquids
Fundamentals
ILs are molten salts with melting points below 100 °C [169] [170] [171] [172] . They are generally composed of a bulky, asymmetric organic cation and a weakly coordinating inorganic/organic anion. ILs are typically non-flammable, have negligible vapour pressure and display high chemical and thermal stability [171, 172] . Moreover, they can also show high ionic conductivities and wide electrochemical stability windows [171, 172] . Because of these properties, ILs are presently considered one of the most interesting classes of alternative electrolytes for Liion batteries and supercapacitors [173, 174] . Their non-flammability contributes to cell safety, while their nonvolatility, resulting from vapour pressures comparable to metallic Cd or Zn (∼ 10 −13 times that of water), enables the use of ILs even in open cells such as Li-air. ILs and their properties can be engineered by changing their structure, so that various important requirements such as high ionic conductivity, interfacial and electrochemical stabilities as well as thermal stability and low flammability can be simultaneously met [175, 176] . These features allow the realization of safer electrochemical storage devices, be it supercapacitors [177] [178] [179] , batteries [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] and solar cells [194] .
In the most conventional ILs employed for electrochemical storage, the typical cation is a quaternary amine or an asymmetrically substituted imidazolium ring with delocalized charge (Figure 14) . The typical anion possesses some flexibility and some of its structural moieties are free to rotate around one or more axes. The anion and/or the cation are bulky, so that their charge is screened, and the nucleation process is hindered, leading to their extremely low melting points (compare to the melting point of NaCl at 804 °C). The electrostatic forces between the species in the liquid are more intense than van der Waals forces for similarly sized molecules, so that ILs are generally characterized by elevated viscosity values, typically in the range 30-50 cP at 25 °C (water: 0.89 cP) and a negligible vapour pressure [195] . The electrostatic nature of ILs also reflects in their ionic conductivity. In a similar fashion to ionic solids, the probability of finding two like-charged species side to side is very low. There are rather three-dimensional patterns of alternating anions and cations across the liquid, whereby the existence of neutral aggregates with the same number of cations and anions cannot be ruled out. Especially below the glass transition temperature, the ions assume a quasi-oriented alignment similar to that in liquid crystals ( Figure 15 ) [197] . The formation of ion aggregates reduces the mobility of the ions and thus limits the cell power. Ion transport is not as straightforward as it is in conventional electrolytes, and common mathematical descriptions of transport (derived under simplified conditions) cease to work [198] . Typical conductivities are in the order of 0.118 mS/cm (compared to aqueous KOH with 29.4 wt %: 540 mS/cm) and are strongly affected by the structure of the solvated ions [195] . Because of the reduced ion conductivity, mixtures of conventional solvents with ILs have been proposed, so as to achieve good conductivities while keeping the stability and safety advantages of ILs. That should reduce the price by diluting the more expensive ILs with organic electrolytes, too. 
Ionic liquids as electrolytes for Li batteries
The most attractive property of ILs for Li battery applications is the elevated electrochemical stability of some cation and anion types, which leads to the possibility to develop high-energy-density Li batteries. The key advantages offered by ILs electrolytes are a low volatility and low flammability, reflecting in an enhanced safety and stability of the electrochemical storage system. Some of the earliest reports on the use of ILs as electrolyte for Li battery applications showed a sufficient stability of quaternary ammonium and phosphonium salts [199, 200] , generating a great interest in the application of ILs electrolyte in Li batteries. Generally, the cations of roomtemperature ILs (RTILs) are typically nitrogen-based, and one of the most promising ones is imidazolium [201] [202] [203] . However, it was observed that imidazolium is relatively easy to reduce (its proton positioned at C2 can be reduced at redox potentials higher than that needed for lithiation at the anode). This causes an irreversible decomposition of the RTIL, which results in poor reversibility at the negative electrode for Li-ion batteries.
Quaternary ammonium cations (without acidic proton) display higher cathodic stability than imidazoliumbased RTILs [204] . Further cations including sulfonium and phosphonium have also been investigated for improving the physicochemical and electrochemical properties of RTILs [205] [206] [207] . The first developed RTILs included NO 3 -or AlX 4 -(X = halogen) anions, characterized by elevated chemical instability, high corrosivity and toxicity. The first water-and air-stable RTILs, introduced in 1992, replaced the above-mentioned anions with tetrafluoroborate, BF 4 - [208] . Although extensively studied, the application of BF 4 -anion-based RTILs as electrolytes was limited by their serious drawbacks, such as a relatively high melting point and cost. The breakthrough followed the introduction of a new anion, the bis(trifluoromethanesulfonyl)imide (TFSI) by 3M. The use of TFSI in IL electrolyte considerably enhanced the overall physicochemical properties of RTILs, lowering their melting point and viscosity as well as increasing their conductivity. Since then, various ammoniumbased RTILs, combined with TFSI, have been studied [197, 209, 210] . Recently much interest emerged on the bis-(fluorosulfonyl)imide (FSI) anion which has a fluorine atom instead of a CF 3 group (in TFSI). First described in 1962 [211] , Armand and coworkers patented its use as a plasticizing anion in solid polymer electrolytes [212] . More recently, it has been successfully employed in Li ion systems [213] . Besides the significantly higher conductivity and lower viscosity values, FSI is characterized by a remarkable SEI-forming ability. The FSI-anion can decompose during the reduction process at the alloy anode (S-F bond breaking). This process leads to the formation of SO 2 and LiO at the anode/electrolyte interface and the consolidation of the SEI layer by adherent compounds such as LiF, LiO, LiOH and Li 2 SO 4 [214] . Figure 16a shows an example of a Li-ion battery prototype obtained employing a Pyr 14 FSI-LiTFSI electrolyte, a nanostructured Sn-C anode and a LiFePO 4 (LFP) cathode. The cell delivers a specific capacity as high as 160 mAh/g at a lower current of 25 mA/g and a still satisfactory value of 105 mAh/g at 250 mA/g, with a rather remarkable rate capability, cycling trend and coulombic efficiency (Figure 16a, b) . The cycling test of the Li-ion cell at the current density of 100 mA/g (Figure 16c ) reveals a reversible capacity of 150 mA/g with negligible capacity fading, a coulombic efficiency higher than 99.9 % resulting in a cycle-life extension of over 1,000 cycles, and an average working voltage change by cycles limited to about 100 mV (Figure 16d ). The reported Li-ion cell is indeed extremely appealing as a safe energy storage system, demonstrating the possibility to obtain high-performance Li-ion battery systems employing IL-based electrolytes [213] . 
Ionic liquids as electrolytes for post-Li-Batteries
The Li-ion technology is the power source of choice in portable electronic devices and for electric vehicle applications. Unfortunately, due to the cost and limited resources of Li, the use of Li-ion batteries for large-scale applications is nowadays under discussion [215, 216] . The development of electrochemical storage systems employing more abundant metals as anodes (such as sodium [217] [218] [219] [220] [221] , potassium [222, 223] , calcium [224, 225] , magnesium [127, 226] and aluminium [227] [228] [229] [230] ) can lead to a reduction of the cost and to long-term sustainability [231, 232] . In this context, IL electrolytes play an important role.
In sodium batteries, both imidazolium-and pyrrolidinium-based ILs have been tested. Interestingly, the effect of Na salt addition on the viscosity and conductivity of ILs is only minor, as opposed to Li, where Li salt addition leads to a remarkable reduction in the ionic conductivity and an increase of the viscosity [233] . As a result, sodium cells employing IL electrolyte show comparable and in some case even superior performances in respect to organic solvents. Also, the performance of several cathode materials in ILs has been shown to be similar to that in organic electrolytes. In the case of layered metal oxides, the performance in ILs is significantly better due to their higher stability in ILs (reduced dissolution of transition metals as Mn) [192] , higher reversibility of the cathode phase transition at high potentials as well as corrosion reduction of the Al current collector [234] . Anode materials such as Sn, Sn-Cu alloys and hard carbon have been successfully tested in ILs. Depending on the chosen IL, stable capacities at both 25 °C and 90 °C have been achieved [181] . Figure 17 shows the voltage signature of one of the few complete sodium-ion full cells employing an IL electrolyte, a Sb-C nano composite anode and a Na 0.6 Ni 0.22 Fe 0.11 Mn 0.66O2 cathode (most studies test only anode or cathode materials and employ sodium metal as counterelectrode). In the field of Mg batteries, IL-based electrolytes have been widely investigated [235] . One of the main issues in the Mg battery is the elevated corrosivity of the electrolyte employed. A reactive electrolyte is needed to activate the passivated Mg metal surface, enabling the reversible stripping-deposition process. Thanks to their unique tunability, ILs can be modified according to the specific requirements. For instance, it has been demonstrated that ethers (such as THM) can coordinate Mg ions preferentially over nitrogen ligands without making the solvent too viscous for efficient transport. In addition, they improve the deposition/dissolution properties of Mg [236] . Watkins [237] successfully introduced ether functionalities into the IL cation evidencing a more convenient binding of Mg ions which favours deposition over decomposition.
In the field of secondary aluminium batteries, ILs are in fact the most utilized electrolyte media. As evidenced by Kamath et al. [238] , the formation of low-stability, ion-solvent complexes in IL-based electrolytes facilitates the rapid Al ion solvation-desolvation, leading to enhanced transport properties compared to, for example, carbonate-based solvents. IL-based electrolytes for application in aluminium batteries are generally composed by a mixture of an IL (M + X -) and AlCl 3 [239] [240] [241] [242] [243] [244] [245] , where M + can be an organic cation like pyrrolidinium or imidazolium, while X -can be a halogen anion such as Cl -, Br -or I -or an organic anion, i. e. the TFSI or trifluoromethanesulfonate. The most investigated ILs for such applications are those based on the imidazolium cation (M + ) bearing different alkyl side chains, such as 1-butyl-3-methylimidazolium (BMIM) or 1-ethyl-3-methylimidazolium (EMIM), while the most used anion (X -) is chloride [227, 228, 246] . The mole ratio between the IL and AlCl 3 is one of the fundamental parameters governing the electrochemical performance of these electrolytic solutions [247] [248] [249] . In fact, only in the acidic melt, in which the mole ratio between AlCl 3 and MX is higher than one, is the Al 2 Cl 7 -species present. This anion is considered the fundamental species enabling the reversible stripping-deposition process [250] . One of the main practical issues to address for the realization of cell prototypes is the corrosivity of this class of electrolytes. A compromise between the required lability to enable reversible processes and a not excessive corrosiveness to the other cell components should be found.
While Zn is widely deployed in primary batteries, interest in exploiting its specific energy density in secondary Zn-air batteries is on the increase. Some problems associated with the electrolyte (concentrated aqueous KOH) are the corrosion of other battery parts, drying-out, dendrite formation and reaction with atmospheric CO 2 . The application of ILs has shown that both the IL anion and cation play a decisive role in the process of zinc deposition. While the anion influences the deposition mechanism (two successive one-electron or a single two-electron step in dicyanamide (DCA) and TFSI respectively), the cation affects the quality, size and overpotential of the deposits through its interaction with the metallic Zn surface [236] .
Two approaches are being investigated: the addition of IL to the alkaline electrolyte and the addition of water to an IL electrolyte. In the former case, the addition of even 0.5 wt % of 1-ethyl-3-methylimidazolium dicyanamide to the aqueous KOH electrolyte enabled the deposition of non-dendritic Zn clusters [251] . Higher water concentrations can be advantageous or damaging according to the IL system. In the later approach, small amounts of water in DCA improved the fluidity of the IL as well as the morphology of Zn deposits, but concentrations > 10 % water can impede Zn reoxidation. In TFSI, water reduces the overpotential associated with deposition [236] .
Conclusion
Current organic electrolytes and thin separators in commercial Li-ion battery systems demonstrate crucial safety deficiencies. Furthermore, the urgent need for higher energy densities drives the development of alternative electrolyte chemistries: They are needed as key enabler for next-generation Li batteries as well as high-valent battery systems. Among them, solid electrolytes are promising candidates that have already overcome the hurdle of utilizable ion conductivity, at least in the case of Li batteries. Employing the outlined appropriate structural motifs and framework ions as well as tailored doping may also lead to utilizable mobilities for other ion species. As an example for cell chemistries with other mobile species, current research on magnesium borohydride-based complexes as electrolytes for solid-state Mg-ion batteries has been presented. Mg batteries offer many advantages over Li batteries, but the high charge density of the Mg 2+ ion also poses serious challenges for the search of suitable electrolyte and cathode materials.
Higher conductivities can be also reached by composite solid electrolytes, which can be described by the so-called mixing equation. However, in many cases not the bulk properties of solid electrolytes, but rather the intergrain interfaces and the solid electrolyte-electrode interface dominate the performance. Thus, the main issue is to optimize the electrode-electrolyte interface to provide a low-resistant and durable contact upon cycling.
A concept to bypass the interface problem is the presented all-in-one rechargeable energy storage solely utilizing an oxygen-deficient single crystal of SrTiO 3 , serving as anode, cathode as well as electrolyte. This work may potentially inspire similar approaches, utilizing a field-induced redistribution of vacancies and defect separation, establishing a non-equilibrium state accompanied by an electromotive force.
Another alternative, offering high safety, while not dealing with the interface problems of solid electrolytes, are ILs. Their tuneable properties, such as high ionic conductivity, low volatility, reduced flammability and high electrochemical and chemical stability offer new possibilities in battery research. At the same time, their current drawbacks, as in the case of Al-ion batteries -high prices and corrosivity against other cell components -need to be solved. 
Notes
